INTRODUCTION
Phase transitions in polymer gels have attracted much attention since the first observation of gel collapse by Tanaka 1 . Initial work was directed primarily at partially ionized polyacrylamide gels (or related derivatives) which collapse in mixed solvent (acetone/water) systems as solvent composition is varied 2 -6 . In recent years, crosslinked gels of Nisopropylacrylamide (NIPA) and of N,N'-diethylacrylamide (NDEA) have been shown to exhibit discontinuous or nearly-discontinuous volume transitions in water in response to an increase in temperature 7 -12 . These temperature-sensitive gels have received attention for their scientific interest 11 • 12 and for their potential technical importance in a variety of applications including solute recovery 10 , drug delivery 9 , and immobilized-enzyme reactors13.
Temperature-induced collapse of polymer gels is analogous to lower-critical-solution phase separation in aqueous polymer solutions, and to the coil-globule transition of a single polymer chain in solution. For example, aqueous poly(NIPA) solutions exhibit a lower critical solution temperature (LCST) at approximately 31 oc 14 : the end-to-end dimension of an infinitely-dilute isopropylacrylamide polymer in water decreases dramatically as temperature rises above 31 oc 15 : and crosslinked NIPA gels exhibit volume collapse as temperature exceeds approximately 33°C. LCST behavior in aqueous polymer solutions is due to specific, orientation-dependent interactions 16 . This behavior cannot be explained by conventional polymer-solution theories (e.g., Flory-Huggins) 17 .
Many potential applications of temperature-sensitive gels require incorporation of fixed ionizable groups within the gel. Ionic groups may be used for imparting to a gel specific solute-binding or exclusion properties, or for increasing the water absorption capacity of a gel. Thus, the effect of gel charge on temperature-induced phase transitions is of interest.
While swelling equilibria in water have been reported previously for temperature-sensitive gels containing weakly ionizable groups 10 • 1 8-2 1, in this work we examine swelling equilibria for NIPA gels containing a strongly dissociating quatemized-amine comonomer. The effect of ionic strength on swelling behavior for ionized temperature-sensitive gels has not been studied previously. We report here temperature-dependent swelling behavior in water and in aqueous sodium chloride solutions for NIPA gels copolymerized with methacrylamidopropyltrimethylammonium chloride (MAPTAC).
Prange et a1
22 recently presented a theoretical framework for describing LCST phenomena in aqueous polymer solutions and gels. This framework accounts for the competition between specific (hydrogen-bonding) and non-specific (dispersion-force) interactions which results in LCST behavior in aqueous polymer systems at normal temperatures and 23 . pressures. Hooper et al extended this model to polyelectrolyte gels and compared model predictions with isothermal swelling measurements for ionized acrylamide/MAPT AC copolymer gels in water and in salt solutions. In this work we consider simultaneously the effects of temperature, gel ionization, and solution ionic strength on the swelling properties of NIPA/MAPTAC gels (which are sensitive to all three variables). Swelling measurements are compared with predictions based on the model presented in Refs. (22) and (23) .
EXPERIM:ENTS
Gels were prepared by free-radical copolymerization of NIPA and MAPT AC, using N,N'-methylenebisacrylamide (BIS) as the crosslinker. The synthesis procedure is similar to that discussed in Ref. (23) with differences described below. All monomers were dissolved in lOOm! water (in a nitrogen-filled glove box) and 0.01g each of ammonium persulfate and sodium metabisulfite were added to initiate reaction. The gels were formed .
between glass plates (10x10cm) separated by l.Omm Teflon spacers. The plates were chilled to 1 0°C before injecting the monomer solution; after injecting solution, the plates were transferred from the glove box to a refrigerator and allowed to react at l0°C. (Temperature control is essential to prevent thermally-induced phase separation during polymerization). After"48 hours, the gel slabs were removed from the plates and sliced into 1-cm disks using a punch. The disks were soaked in distilled, deionized water (replaced daily) for one week.
The volume fraction of monomers in the initial (lOOml water) reacting solution was 0.12 for all gels prepared here. Also, each gel was prepared with a crosslink content of 0.01 mole BIS per mole of all monomers (i.e., 0.01 mole fraction BIS on a diluent-free basis). The only gel-composition parameter varied here was the relative amount of charged comonomer (MAPT AC) in the gel. Five gels were prepared containing, respectively, 0, 0.01, 0.02, 0.03, and 0.04 mole fraction MAPTAC (on a diluent-free basis); we refer to these gels by their respective mole percent MAPT AC.
Gel volumes (water absorption capacities) were measured in the temperature range 10-70°C in water and in aqueous sodium chloride solutions in the concentration range 10-5 to 1.0M. Capacities were determined gravimetrically and by volume change as discussed in Ref. (23) . At each temperature, gel samples were allowed to equilibrate at least 24 hours before recording the volume. Gels placed in salt solutions were equilibrated for seven days were not the result of slow equilibration near a possible critical (discontinuous) transition.
The transition region for different gels was approached from both higher and lower temperatures using swollen-gel samples and using samples which were initially dry (i.e., dried in a vacuum oven). After 12 hours, all samples with the same MAPTAC content had identical swelling capacities (within ±2%) corresponding to the continuous temperature-volume curves in Figure 3 . In addition, some samples were held in the transition region for longer
times (up to 5 days): no change in gel water content was observed after the first 12 hours.
A plausible explanation for the reported differences in transition behavior for ionized temperature-sensitive gels is that the the effect of the ionizable comonomer is not restricted to its ionic character. The chemical and physical nature of the comonomer (in addition to its ionic character and to its concentration within the gel) may influence the type of transition observed. In Refs. (18), (19) , and (21) (where discontinuous transitions were observed), the ionizable comonomer was either sodium acrylate or sodium methacrylate. In Ref. (20) (continuous transition), the gel contained N-(acryloxy)succinimide. Clearly, other factors (e.g., network composition and preparation procedure) may contribute to the observed differences in transition behavior for ionized gels (as with uncharged NIPA gels). Thus, more data are required before definitive conclusions may be reached regarding the transition behavior of ionized temperature-sensitive gels. ,.
. .
LCST behavior is observed in polymer solutions when: (1) the polymer and solvent exhibit large differences in thermal expansion, or (2) specific, orientation-dependent interactions occur between polymer and solvent. In both cases, the phase separation is entropically driven; however, the origin of this ~ving force is significantly different in the two cases. While compressibility effects are dominant in nonpolar systems at temperatures approaching the solvent critical temperature (e.g., poly(styrene)/acetone 25 ), specific interactions are dominant in polar, or hydrogen-bonding systems at normal temperatures and pressures (i.e., conditions remote from the solvent's critical point). Aqueous polymer solutions (e.g., NIPA gels) represent systems in which specific (hydrogen-bonding) interactions are the driving force for LCST behavior. At equilibrium, the osmotic pressure difference (I1) of solvent between a gel (phase ') and surrounding solution (phase ") is zero, i.e., (1) where V 1 is the molar volume of solvent and J.t 1 represents the solvent chemical potential.
Assuming that the swelling pressure Il is the sum of contributions from polymer/solvent mixing, network elasticity, and ion/solvent mixing, and substituting expressions discussed in Ref. (23) for these contributions, we obtain:
,, .... ,...-. The second line in Equation (2) gives the contributions to the swelling pressure from network elasticity and from ion/solvent mixing. The affine network model 17 is usually used for describing the elastic contribution to gel swelling. However, this model gives a poor description of elastic properties wben applied over large ranges of strain, and is particularly unsuitable for swollen networks (which behave closer to 'the phantom network limit 29 ).
Here, we use for the elastic contribution the constrained junction theory of Flory and . .
where c, refers to the concentration of added salt, i represents the fraction of monomer units containing bound charges, and V., denotes the molar volume of a monomer unit.
When salt is not present in the external solution (i.e., for swelling in deionized water), Equation {3) is not needed. In that case, all cj" in Equation (2) are zero, and cf" 1 is given by the concentration of counterions within the gel.
Equations (2) and ( in Equation (3)) is determined from the %MAPTAC for a given gel, and we estimate v .. = 101.0 cm 3 /mol.
The above parameters are fixe~ by gel and solution conditions and are not adjustable.
Three adjustable energy parameters a.re required for determining the non-random factors (r 11 's) in Equation (2) 22 ; these parameters characterize specific interactions between · different contact sites in the solution. These energy parameters must be obtained from experimental data. Our goal here is to examine the ability of Equations (2) and (3) to describe the effects of gel charge and solution ionic strength on the swelling behavior of a temperature-sensitive gel. We thus obtain the adjustable energy parameters from swelling equilibria for uncharged NIPA gel in water (Figure 1) , and use these parameters to predict swelling for ionized NIP A/MAPT AC gels in water and in salt solutions.
Energy parameters optimized to swelling equilibria for the uncharged NIP A gel are (using the notation of Ref (22) ••• . , . _ <rt.
•. ,., ..... -•. , ••.
•• ·,1.
-8 - . ment The increase in temperature of the transition region with increasing %MAPT AC is · also predicted fairly well. However, discrepancies between calculated and measured swelling behavior are apparent both in the order of the volume transition, and in the swelling capacities at high temperatures (above the transition). For ~els which undergo a temperature-induced volume transition (whether continuous or discontinuous), the ion/solvent mixing expression in Equation (2) always predicts an increase in the sharpness of this transition (to 1st-order behavior) with increasing ionization 21 . While such a crossover has been observed (as discussed earlier), it was not seen here. In addition, the calculated swelling curves for the ionized gels (at temperatures above their predicted transitions)
are nearly identical with the curve for uncharged NIPA gel. In contrast, the ionized gels were actually swollen to a significantly greater degree than the uncharged gel at high temperatures.
Figure 8 presents experimental.and calculated swelling equilibria for the 4%MAPTAC gel in deionized water, and in 10-3 M and 10~1 M aqueous NaCl. The calculated swelling curves describe correctly the large effect of ionic strength on the temperature-dependent swelling behavior for this gel. As in Figure 7 , however, discrepancies between theory and experiment are apparent
CONCLUSIONS
The addition of small amounts of ionic comonomer to a temperature-sensitive gel affects dramatically swelling behavior in water and in low-ionic-strength aqueous solution.
At higher ionic strengths (above about O.lM NaCl), gel charge has little effect on swelling.
Charge density alone may not characterize completely the effects of an ionizable comonomer on gel swelling. Even at low concentrations the specific nature of the comonomer appears to influence swelling behavior (particularly the order of the volume transition) for temperature-sensitive gels. We are currently investigating this effect for other ionizable comonomers.
Predicted swelling equilibria agree reasonably well with experiment over the investigated range of temperature, degree of gel ionization, and solution ionic strength. Considering the neglect of specific comonomer (and electrostatic) interactions in the theoretical approach, the failure to predict qualllitatively all features of the swelling curves is not suprising. A more elaborate approach for describing such interactions is not now justified, given ..
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Swelling Capacity (g swollen gel/g dry gel) • 0
• c . . •o • • IJ . . Tables 1-4 give experimental swelling data presented in graphical form in the manuscript. Standard deviations are indicated for measurements. performed in triplicate. .:. 25- 
